SUMMARY We studied regional blood flow (QR) using radiolabeled microspheres and measured hemodynamic variables in 20 anesthetized dogs in normal sinus rhythm and during ventricular fibrillation treated with cardiopulmonary resuscitation (CPR). Nonsimultaneous compression and ventilation CPR (NSCV-CPR) was performed in seven dogs with a pneumatic piston that gave 50 chest compressions/min with an open airway with 10 ventilations at an airway pressure of 33 mm Hg interposed between each fifth and sixth compression. Simultaneous compression and ventilation (SCV-CPR) was performed in seven dogs with the piston and in six other dogs with a circumferential pneumatic vest. Both devices gave 30 compressions/min simultaneously with 30 ventilations that elevated airway pressure to 80 mm Hg. The abdomen was bound during SCV-CPR. Regional blood flow (mean SD) to the cerebral hemispheres, cardiac ventricles, and kidneys, expressed as ml/min/100 g tissue, was 3.1 + 4.0, 3.4 3.3 and 1.5 1.5, respectively, during NSCV-CPR; 11.5 + 5.9, 4.9 4.7 and 2.7 2.7 during SCV-CPR (vest); and 16.2 + 7.2, 11.0 4.0 and 20.1 20.2 during SCV-CPR (piston) (all p < 0.05 compared with NSCV-CPR). These results indicate that QR to all organs studied is reduced below normal sinus rhythm levels during CPR for ventricular fibrillation, QR to the brain is proportionately greater than QR to the heart and kidneys, and QR to the brain is greater with both forms of SCV-CPR than with NSCV-CPR.
BECAUSE cardiopulmonary arrest is one of the greatest stresses the body can suffer, the success of cardiopulmonary resuscitation (CPR) depends upon maintaining vital organ perfusion at a level consistent with full recovery of function after resuscitation. Conventional or nonsimultaneous ventilation and compression CPR (NSCV-CPR) involves the administration of closed-chest compressions with an open airway with ventilations at a low airway pressure interposed between every fifth and sixth compression.' In contrast to this approach, chest compressions may be administered simultaneously with ventilations at a high airway pressure, a combination called new or simultaneous compression ventilation CPR (SCV-CPR). Although Chandra et al.2 demonstrated that arterial pressures and blood flow in the carotid artery are greater during SCV-CPR than during NSCV-CPR, comparisons of regional blood flow (QR) between the two methods have not been reported. We therefore used the radiolabeled-microsphere technique to determine QR in dogs in normal sinus rhythm (NSR) and during ventricular fibrillation (VF) treated with NSCV-CPR and two forms of SCV-CPR.
Methods
Twenty adult mongrel dogs, mean weight 23.7 kg, unselected for chest configuration, were studied. Anesthesia was induced with thiopental sodium (1 g ) and maintained with ketamine (mean dose 0.6 + 0.3 g; mean time of administration after thiopental 89 + 44 minutes). The dogs were intubated with an endotracheal tube, the proximal end of which extended 2-4 cm outside the mouth. The cuff was inflated to achieve an airtight seal; the exact amount of air inserted was not measured. The dogs were ventilated with a mixture of 02 and CO2 to give an arterial CO2 tension (Paco2) of 30-45 mm Hg during control and CPR runs. Airway pressure was measured continuously.
A left thoracotomy was performed, and catheters were placed in the left atrium for measurement of left atrial pressure (PLA) and microsphere injection and in the left ventricle for collection of blood samples to detect residual microspheres after control and CPR runs. The chest was evacuated of air and closed to achieve an airtight seal. The dogs were supine. Cath (PLEjv) and in the right atrium for measurement of right atrial pressure (PRA). Aortic pressure (PAO) could not be measured continuously during the study because the aortic catheters were being used for microsphere collection. Right atrial pressure, therefore, was used to reflect intrathoracic pressure changes during NSR and CPR. A transvenous right ventricular pacing catheter was used to induce VF; its location was confirmed by an intracardial electrocardiographic tracing displayed on a monitor. The dogs were heparinized (300 U/kg) and cannulating electromagnetic flowmeters were placed in the left and right carotid arteries to measure left and right carotid artery blood flows (QLCA' QRCA). Left atrial pressure at end-expiration was maintained at 2-5 mm Hg before NSR and CPR by injecting normal saline. All pressure transducers were calibrated with reference to zero at the level of the right atrium.
The study procedure in each dog was as follows. During the control period, microspheres with a mean diameter of 15 ± 3 ,, labeled with 85Sr or 46Sc and suspended in 20% dextran, were injected into the left atrium over 45 seconds. A reference blood sample was withdrawn from the aortic catheter using a Harvard pump at a rate of 3.1 ml/min for 5 minutes starting 10 seconds before the microsphere injection. Vascular pressures and carotid artery flows were measured at 2, 4 and 6 minutes. At 7 minutes, arterial blood gases were drawn and a 15-ml blood sample was taken from the left ventricle to determine whether residual microspheres were present. Fifteen minutes later, VF was induced by 60-Hz electric stimulation of the right ventricle. One type of CPR only was initiated immediately in each dog.
NSCV-CPR was performed in seven dogs with a pneumatic piston (Michigan Instruments, Inc.) that gave 50 chest compressions/min with an open airway with 10 ventilations at an airway pressure of 33 mm Hg interposed between every fifth and sixth compression.
The compression:relaxation time ratio was 60:40 during NSCV-CPR, and the piston caused a 6.5-cm sternal depression. The combination of 50 compressions and 10 ventilations/min with a compression duration of 60% of the cycle was chosen (rather than the combination of 60 compressions and 12 ventilations/min with a compression duration of 50% as recommended by the American Heart Association') after a suggestion by Taylor et al.3 that lower compression rates and longer compression durations may be useful in augmenting carotid blood flow during conventional CPR. Chandra et al.2 used a compression rate of 60/min and a duration of 60% with a 6-cm sternal depression during NSCV-CPR.
SVC-CPR was performed in seven dogs with the piston and in six other dogs with a prototype model of a rapidly inflatable circumferential vest (Physio-Control Corp.). During SCV-CPR, both devices gave 30 chest compressions/min simultaneously with 30 ventilations resulting in elevation of airway pressure to 80 mm Hg. Lung inflation was achieved with the piston by a Venturi device in which room air was entrained with an 02-CO2 mixture to reach the preset airway pressure of 80 mm Hg. With the vest, this gas mixture was used to rapidly fill a cylinder; once a pressure of 80 mm Hg was reached, the cylinder was emptied into the airway. Tidal volumes were not measured with the devices, but were assumed to exceed 15 ml/kg body weight. The compression:relaxation time ratio was 60:40 with both devices. The piston caused a 6.5-cm sternal depression. The pressure in the vest was 80 mm Hg. An abdominal binder was continuously inflated to 100 mm Hg during SCV-CPR, but was not used during NSCV-CPR. Chandra et al.2 used a compression rate of 40/ min and a duration of 60% with a 6-cm sternal depression, but without an abdominal binder during new or SCV-CPR.
Radiolabeled microspheres were injected 2 minutes after CPR was initiated, and the reference sample was collected over the subsequent 5 minutes, as during the control period. Vascular pressures and carotid flows again were measured at 2, 4 and 6 minutes. At 7 minutes, arterial blood gases were drawn, the left ventricular residual sample was collected, and CPR was discontinued. A necropsy was performed immediately to ascertain the presence of major trauma to the intrathoracic and intraabdominal organs and to examine the jugular veins; a microscopic examination was not conducted. The tongue, temporal muscle, left and right cerebral hemispheres, cerebellum, midbrain and brain stem, left and right cardiac ventricles, and left and right kidneys were removed. The organs were weighed and placed in vials for gamma counting. The radioactivity of these samples and of the reference and left ventricular residual samples was measured using a sodium-iodide scintillation counter. Regional blood flow (ml/min/100 g tissue) was calculated from these data by the method described by Heymann et al. 4 The unpaired t test was used to compare variables between dogs receiving different types of CPR. Differences were considered statistically significant at p : 0.05.
Results No significant differences in body weight or type or amount of anesthesia used were observed among the dogs receiving NSCV-CPR, SCV-CPR (piston), or SCV-CPR (vest). Left atrial pressure was similar before control and CPR runs in all three groups. Arterial pH and Pco2 also were similar in all three groups; Pao2 differed because CO2 was added to maintain Paco2 at 30-45 mm Hg during CPR and because the piston device entrained room air (table 1) . Despite these similarities, PRA' a reflection of intrathoracic pressure, was significantly higher in compression and relaxation during both types of SCV-CPR than during NSCV-CPR.
PLCA was also significantly higher in compression and relaxation during SCV-CPR of both types than during NSCV-CPR. The increase in PLCA also was greater than the increase in PLEJV, so a greater pressure gradient for antegrade blood flow across the cerebral circulation was created between the left carotid artery and the left 259 external jugular vein in the dogs receiving SCV-CPR. The increase in PRA was greater than the increase in PLEJV in these dogs, and resulted in a greater pressure gradient between the right atrium and the left external jugular vein in the dogs receiving SCV-CPR. This gradient presumably resulted from closure of thoracic inlet valves and could protect the brachiocephalic venous bed from the high intrathoracic pressure and retrograde blood flow. Valves in the left external jugular vein were found by dissection in two representative dogs from each group.
QLCA was significantly higher during SCV-CPR of both types than during NSCV-CPR ( fig. 1 ). However, QRCA did not differ. Subsequent cineangiograms and necropsy studies in dogs treated with SCV-CPR have shown that the right and, rarely, the left carotid arteries can be narrowed by tracheal expansion and displacement related to the high airway pressure achieved during SCV-CPR (Ross BK, Rosborough J, Niemann JT, Ung S, Luce JM, Butler J: unpublished observations). Since these studies may not have duplicated our experimental corrections, we can only assume -but have not demonstrated -that right carotid artery narrowing explains the limited QRCA in our dogs.
Only 1-2% of the total microspheres injected remained in the left ventricle after control and CPR studies, and no differences in residual counts were observed during different types of CPR. These findings suggested a good washout of microspheres during all situations. Flow to paired organs also was equal, suggesting good microsphere mixing and distribution. No differences in QR were observed during NSR in the three groups of dogs, and because statistical comparisons were made only between different types of CPR, QR control data were pooled (table 2, figs. 2-6). Regional flow to the cerebral hemispheres, cerebellum, and midbrain and brain stem was greater during both forms of SCV-CPR than during NSCV-CPR. Flow to the left and right ventricles and kidneys was greater during SCV-CPR (piston) than during NSCV-CPR. Flow to the midbrain and brain stem, the left ventricle, and the left and right kidneys was greater during SCV-CPR (piston) than during SCV-CPR (vest). Regional flow to the tongue and temporal muscle was the same during all types of CPR. No gross evidence of trauma to intrathoracic or intraabdominal organs was observed at necropsy after CPR.
Discussion
Our investigation shows that QR is markedly reduced during the types of CPR we studied. However, QRto the brain is proportionately greater than QR to the myocardium and the kidneys. Finally, QR to the brain is greater with both forms of SCV-CPR than with NSCV-CPR. These findings suggest that redistribution of QR occurs during CPR and that the brain receives more blood than the intrathoracic and intraabdominal RIGHT CAROTID ARTERY In keeping with the thoracic pump model, the superiority of cerebral QR during SCV-CPR in our study may be attributable to the higher intrathoracic pressure and the greater pressure difference between PLCA and PLEjV achieved with this modality. That this gradient was greater during SCV-CPR (piston) than during SCV-CPR (vest) may explain the slightly higher QR to the midbrain and brain stem with the piston. We predict that QR to the brain would have been equal if intrathoracic pressure were the same during SCV-CPR We must also improve our ability to deliver blood to the heart as well as to the head before we substitute SCV-CPR for NSCV-CPR.
